Abstract: This paper presents a fuzzy control approach to a helicopter MIMO nonlinear system, implemented on a Networked Control System, as case study. For this, a hardware-in-the-Loop implementation is developed using several multi-channel A/D Cards, integrated to a computer network system. Variant time delays are considered over Ethernet and CANBUS networks. Fuzzy logic is used to deal with the complexity of the integrated computer network as well as with the dynamics of the system. Two fuzzy logic control systems are coupled for both signals of the helicopter case study: yaw and pitch. Both these tend to concentrate around desired references, considering variant time delays.
Introduction
Reconfiguration is a transition that modifies the structure of a system so it changes its representation of states. Here, it is used as a feasible approach for fault isolation, and also, it is a response to time delay modification.
In control systems, several modelling strategies for managing time delay within control laws have been studied by different research groups. Nilsson [16] proposes the use of a time delay scheme integrated to a reconfigurable control strategy, based on a stochastic methodology. Jiang [12] describe how time delays are used as uncertainties, which modify pole placement of a robust control law. Izadi present an interesting case of fault tolerant control approach related to time delay coupling. Blanke [7] study reconfigurable control from the point of view of structural modification, establishing a logical relation between dynamic variables and the respective faults. Thompson [17] and Benítez-Pérez [4] consider that reconfigurable control strategies perform a combined modification of system structure and dynamic response, and thus, this approach has the advantage of bounded modifications over system response. Recent approximations are presented by Dai, which allow a reasonable but static approximation for time variable strategy. Also, Kim [20] have followed a Maximum Allowable Time Delay (MADB), where complex task behaviour is permitted as long as MADB is preserved [22] [23] . The approach here makes use of a case study that takes time delays due to communication as deterministic measured variables. For this, a Fuzzy Control law [1] is used, where time delays result from the deterministic reconfiguration of communications due to a scheduling algorithm. Fuzzy Control is used for managing extended horizons from system inputs and outputs, to determine several scenarios modified by time delays. Recent results encourage this approximation, as shown in Benítez-Perez [5] [6] .
For experimental purposes, the following considerations are taken:
1. Time delays are bounded.
2. The combination tends to be globally stable.
The objective of this paper is to present the design of a fuzzy control strategy developed from the time delay knowledge, as well as computer network behaviour considering communication amongst nodes for a helicopter case study. The novelty is to propose a Fuzzy Control [24] [25] for Network Control System (NCS) based on the defined communication network and variant time delays.
Present approach makes use of time delays due to communication as deterministic measured variables, defined by previous knowledge of computer network. In here, control law views time delays as a result of bounded communications based upon scheduling algorithm.
A basic consideration for this approach is that time delays are bounded to MADB. The main reason for these is the behavior of computer network as well as node processing time. However, in order to integrate this variable as global time delay (∆t * ), it is necessary to consider its nominal value. This is presented as a percentage: 0% refers to the current time delay, and 100% represents extreme time delays. Hence, this value is any value produced as time delay less than or equal to total sampling period.
Having defined global time delays as its nominal value, the fuzzy control structure is proposed as shown in Figure 1 .
Fuzzy control is chosen here for implementing a gain-scheduler controller, on contrary of Smith's predictor [18] , since it has a smooth transition between scenarios. Furthermore, the chosen operating points are the reference elements of proposed fuzzy control. Thus, any degradation from time delays would degrade the control law, however keeping a stable response from the plant. Time delay degradation is bounded from communication protocol, as explained by [13] . Notice that the current approach follows a Mamdani strategy [18] rather than a Takagi Sugeno (TKS) [1] for the implementation of the fuzzy control. The development of a TKS strategy is considered as a future work, aiming for integrating time delays into a subsequent part of the fuzzy control rules.
The fuzzy control law for a fault free scenario is presented in Figure 2 , based on [18] . Membership functions are Gaussian distributions, where e has six membership functions (PB, PM, PS, NS, NM, NB), and de has 6 membership functions (PB, PM, PS, NS, NM, NB). The output variable has eight membership functions (PB, PM, PS, PZ, NZ, NS, NM, NB). An additional variable, named Current Nominal Time Delay (CNTD), has three membership functions (N, Z, P). Notice that this implementation is common for fuzzy control design, however, here fuzzy control design focuses on the strategy of the control law due to the communication in the computer network, as well as the consequent time delays. These time delays are measurable and bounded, according to previous knowledge of computer network, based on a finite state machine that selects when valid strategies take place. Here, the scheduling approximation is the inherent EDF algorithm [14] with certain lost data. The aim is to study how this transition is carried out when using a Fuzzy Mamdani approach [1] , based on a NCS. Particularly, for the actual NCS, the communication network strongly affects the dynamics of the system, expressed as a time variance that exposes a nonlinear behaviour. Such nonlinearity is addressed by incorporating time delays. From real-time system theory, it is known that time delays are bounded even in the case of causal modifications due to external effects [15] . Using this representation, time delays are counted using simple addition, as described as follows.
Case Study and Experimental Setup
The case study here is a Helicopter MIMO system, integrated to a computer network as shown in Figure 3 [21]. It is integrated by three A/D Cards: an AD512 card is the interface of joystick, acting as moving reference; an AD612 card is the interface of actuators yaw and pitch; and a Q4 card is used for sampling the information from two encoders which sense yaw and pitch information from the movement. Two networks are used for this case study: an Ethernet network at 10/100Mhz, and a CAN network at 1Mbit/s. For experimental purposes, the controller node works as well as gateway for both databuses. 
In order to establish an experimental setup, several conditions nave to be taken into account. For example, the communication network frequencies for Ethernet and CANBUS are set 10/100Mhz and 1Mbit/s, respectively. Moreover, the derivative boundary for pitch is -0.3 to 0.3. The rest of the boundaries are shown Table 3 shows the related consequent matrix for pitch signal. This is coupled following control law for yaw signal, where time delays are affecting both control laws. Table 4 shows the main characteristics of control approach for the yaw signal. Notice that the numerical values tend to be different to those related to pitch control law. This is basically due to dynamic conditions of yaw signal. Table 4 : Signal Characteristics of yaw. Table 5 shows the matrix for yaw signal. This is considerable different from pitch due to dynamic response of the plant. Table 5 : Membership relationships amongst consequent parts for yaw signal.
Maximum Value Minimum Value Standard Deviations
Derivative Value -0.2 0.2 Error Value -0.5 0.5 Control Value -20 15 Derivative Center -0.2 -0.1 0 0.1 0.2 0.08 Error Centers -
ErrorDerv
Now for both signals, the Mamdani integration is defined in Eqn 2:
where:
• c i are the centers of the Gaussians
• σ i are the standard deviations of the Gaussians.
• m is the total number of Gaussians per error
• n is the total number of Gaussians per error derivatives, and
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• β j is the group control centers Figure 4 presents the control surface for pitch signal. This surface tends to have smooth transitions between rules and consequent parts. It has a local valley due to delay interaction and error. This response is reflected on error and derivative conversion. In both resulting surfaces, these tend to be smaller at negative error and derivative error values. On the contrary biggest values are related to both positive values (error and derivative respectively).
Experimental Results
Current time delays are bounded to normal representation as shown in Fig. 6 . Where the delays are mainly considered as a result of communication media following Fig. 3 .
The current experimental results show how the Helicopter MIMO case study adequately performs during time variant conditions. Considering an experimental execution of 50 seconds, several results show that, for instance, current error of yaw signal (Figure 7 .a) presents a bounded response from 5 seconds onwards, while its derivative (Figure 7 .b) tends to be almost zero, even in the case of change perturbation around 5 seconds. Fuzzy Control Design for a Class of Nonlinear Network Control System: Helicopter Case Study 373 Figure 8 shows the control response for the yaw signal. It is a bounded response, where several glitches are spotted. These result from loosing data from the Ethernet network. Such a behaviour is not the actual delay from computer network, but it is an inherent feature of the Ethernet computer network. Regarding the pitch signal error, the response tends to be smooth and bounded. There is an inherent oscillation at error response (Figure 10.a) , which results of slight movements from the joystick. The related derivative (Figure 10.b) reflects the bounded responses with some glitching. Figure 11 shows the control response, presenting a similar behaviour, where glitches are present. These glitches result from loosing data in the communication network. 
Concluding Remarks
This paper presents an approach for the integration of two fuzzy logic controllers, in order to perform control under time variant conditions. These two techniques are applied in parallel. Although there is no formal verification for this sequence, it has been adopted since Mamdami approximation provides stable conditions for control reconfiguration. Moreover, the use of a real-time testbed to approve or disapprove changes on the behaviour of a computer network allows bounding time delays during a specific time frame. This local time delay allows the design of a control law, capable to cope with new conditions. Hardware-in-the-loop implementation is feasible, since complex integration through computer network as well as real-time Operating systems are integrated through bounded time delays
